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ABSTRACT 


This  report,  covers  an  exploratory  development  program  to  establish 
design  technology  for  hydraulic  pumps  capable  of  being  driven  directly 
from  aircraft  gas  turbine  propulsion  engines.  The  program  was  divided 
into  a  study  phase,  design  phase,  fabrication  phase,  and  a  test  phase. 

After  completing  the  study  phase,  the  orbital  type  pump  was  chosen 
by  the  Air  Force  Propulsion  Laboratory  for  design,  fabrication,  and 
test.  Other  pumping  concepts  were  available  that  would  theoretically 
reach  the  contract  goals.  However,  it  was  desired  that  a  unit  be 
developed  that  would  show  growth  potential  beyond  10  gpm  and  18,000 
rpm. 

The  .140  cubic  inch  per  revolution  orbital  pump  was  designed  from 
an  existing  .70  cubic  inch  per  revolution  unit  by  using  a  .585  scale 
factor.  The  porting  was  designed  for  10  gpm  flow,  and  the  bearings 
were  designed  for  1000  hours  life.  The  pump  was  designed  to  be 
compatible  with  MIL-H-5606  fluid  in  3  Type  II  system. 

Hie  test  phase  was  conducted  in  accordance  with  the  development  test 
program  for  the  E80108075  orbital  piston  pump.  The  tests  were  to 
determine  pump  performance  and  endurance  capabilities.  An  investiga¬ 
tion  was  also  made  to  determine  the  horsepower  loss  for  the  various 
rotating  parts  of  the  pump. 

The  orbital  pump  completed  the  Examination  of  Prcduct,  Break-in  Run, 
Functional  Test,  Calibration,  Proof  Pressure  Test,  Sampling  Test,  and 
Low  Temperature  Test. 
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SECTION  I 
INTRODUC1TON 


r  "*  intCTd8d  «  -c,uira 
Of  being  directly  dHver!  fr™  efrcrnfl  n-f  ?fra“Uc  P“0PS  “P*8!* 
was  directed  towards  obtaininn  *,,,.1,  g°s  ^urblnes.  The  program 
3000  psi  pump  capable  of  operatina  3n  18*000  rPm.  10  gpm, 

woo  later  change?  to  a  ^ 

“uoP„r°aBnTt?n.d  «?0brUnyade°srcrPitdeSiei™?y-  d6Si9ni  fabri- 

m°st  suitable  pamp^oncept^The  ttl?,pr°3rai"  "ss  t0  determine  the 
showed  growth  *“«  “ 

life,  material  emJatiMinT“i!!J5  Jelocft  tfce  stress  letels. 

the  orbital  pump  concept.  velocity,  and  power  losses  of 

The  spar?'???™  fabricated11*6?  °n6  F80108075  P™P  and  spare  parts 

Lems?  Any  ItL^^t  ^ere “ons^l  XT  "0r"a117 

ment  were  not  ordered  as  spares.  »bject  to  further  develop- 

pump  was  capabirofhtheicontractSooalfetfr?ftnn^hether  the  orbital 
hour  life.  The  pump  was  tested  to  the  r^1?'000  rpffl*  10  gpm*  1000 
35  stated  in  Exhibit  "A"  of  °f  MIL-P-25868* 

of  materials  andepJocesses°isnneJr°U9h  t6St‘  Furthsr  development 
liability  and  operational  life.  eSSary  t0  Provlde  the  required  re- 

Recommendations  will  be  discussed  under  Section  VI. 
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SECTION  II 

STUDY  OF  PUMP  CONCEPTS 


To  achieve  the  design  goals  of  the  program,  the  following  pumping 
concepts  were  considered: 

1.  Bent  Axis  Piston  Pump 

2.  Axial  (In-Line)  Piston  Pump 

3.  Vane  Pump 

4.  Orbital  Piston  Pump 

5.  Gear  Pump 

6.  Radial  Piston  Pump 

7.  Centrifugal  Pump 

8.  Screw  Pump 

The  comparisons  were  made  utilizing  actual  test  data,  analysis  calcula¬ 
tions  and  technical  experience.  The  results  of  these  comparisons 
were  tabulated  and  weighted  to  arrive  at  a  numerical  value  so  that 
the  proper  type  pump  would  be  selected. 

The  variable  displacement  requirement  in  the  contract  eliminated  the 
gear  pump  and  the  screw  pump.  The  centrifugal  pump  was  reviewed  with 
the  a:*d  of  the  "ASD  Hydraulic  Pump  Investigation"  report  under  Contract 
No.  AF83(657)1015l.  The  calculated  overall  efficiency  was  25  percent. 
This  eliminated  the  centrifugal  pump  from  further  consideration. 

The  five  types  of  pumps  remaining  were  broken  into  categories  as 
follows : 

1.  Bent  Axis  Piston  Pump 

(a)  Yoke 

(b)  Fixed  Angle  Variable  (FAV) 

2.  Axial  (In-Line)  Piston  Pump 

3.  Vane  Pump 

(a)  Concentric  Ring 

(b>  Fixed  Displacement  Variable 

4.  Orbital  Piston  Pump 
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5.  Radial  Piston  Pump 


At  this  point,  performance  figures  were  generated  through  calculations 
and  extrapolation  of  test  data.  Results  of  the  performance  analysis 
are  shown  graphically  on  the  bar  chart  of  Table  I.  Power  losses  were 
obtained  at  both  full  delivery  and  at  zero  delivery.  The  calculation 
of  the  zero  delivery  losses  was  considered  necessary  since  most  air¬ 
craft  systems  operate  at  or  near  zero  pump  delivery  a  majority  of  the 
time. 


1 .  BENT  AXIS  PISTON  PUMP 


There  are  two  methods  used  to  regulate  the  flow  of  the  bent 
axis  piston  pumps.  The  first  is  to  vary  the  displacement 
of  the  unit  by  changing  the  stroke  of  the  pistons.  The 
second  is  to  vary  the  delivery  of  the  pump  by  an  internal 
porting  arrangement. 

(a)  Yoke  Pump 

In  the  yoke  pump,  the  porting  for  the  cylinder  block 
is  mounted  in  a  bearing  mounted  yoke.  (Figure  1) 

The  inlet  and  outlet  to  the  cylinder  block  are 
through  the  yoke  pintles.  The  drive  shaft  is  fixed 
in  the  pump  housing.  Swinging  the  yoke  to  one  side 
of  the  drive  shaft  center  line  results  in  an  in¬ 
creasing  stroke  between  the  pistons  that  are  attached 
to  the  drive  shaft  and  the  cylinder  block  bores.  A 
universal  link  maintains  the  correct  orientation 
between  the  drive  shaft  and  the  cylinder  block.  Yoke 
position  is  achieved  by  a  linear  actuator  controlled 
by  a  pressure  sensitive  control  valve. 

(b)  Fixed  Angle  Variable  (FAV) 

The  basic  pumping  element  of  the  FAV  pump  is  the  same 
as  the  yoke  pump.  The  method  of  regulating  pump  delivery 
is  different.  (Figure  2.)  The  displacement  of  the  FAV 
pump  is  constant  at  all  times;  only  the  pump  outlet 
flow  is  varied. 

The  variable  delivery  is  obtained  by  rotating  the  rotor. 
The  rotor  contains  the  cylinder  block  porting  and  is 
mounted  between  the  cylinder  block  and  valve  plate. 

Pump  delivery  is  controlled  by  rotating  the  valve  plate 
in  relation  to  the  fixed  pump  angle.  Rotation  of  90° 
allows  all  of  the  pump  delivery  to  be  recirculated  with¬ 
in  the  pumping  element.  A  lesser  rotation  permits  only 
a  portion  to  be  recirculated  and  the  rest  delivered  to 
the  system.  The  angular  rotation  is  controlled  by  a 
rotary  actuator  torsion  spring  and  pressure  sensitive 
control  valve. 


\.  .  ,  ...  ^  /■ 
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COMPARISON  OF  PUMP  TYPES 


POWER  LOSS  -  HORSEPOWER 
2  4  6  8  K 


BENT  AXIS 
(FAV) 

BENT  AXIS 
(YOKE) 

IN-LINE 

VANE 

(CONCENTRIC  HINT) 

VANE 

(FDV) 

RADIAL 


ORBITAL 


BENT  AXIS 
(FAV) 

BENT  AXIS 
(YOKE) 

IN-LINE 


( CONCENTRIC  EING) 


68%*  ! 


VANE 

(FOV) 

RADIAL 

ORBITAL 


Overall  Efficiency 


2 
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INLET  FLANGE 


\ 


CYLINDER  BLOCK 


PISTON  ROD 


Actual  test  data  was  used  to  generate  the  performance 
values  for  Table  I  for  both  the  yoke  and  FAV  pumps. 

2 .  AXIAL  (IN-LINE)  PIS TON  PUMPS 


The  type  of  in-line  pump  considered  for  this  application 
incorporated  a  variable  angle  swash-plate.  (Figure  3)  In 
this  pump,  the  swash-plate  is  mounted  on  two  trunion  bearings 
(not  shown  in  Figure  3).  The  swash-plate  angle,  which 
determines  the  piston  movement,  is  controlled  by  a  pressure 
sensitive  control  valve  and  linear  actuator,  the  same  as  the 
yoke  pump. 

The  performance  data  for  this  pump  was  obtained  from  a 
computer  program  setup  for  a  Univac  in  conjunction  with 
other  work  in  this  area. 

3.  VANE  PUMP 


There  are  two  types  of  variable  delivery  vane  pumps.  The 
first  uses  a  concentric  ring  displaced  from  the  center  line 
of  the  drive  shaft.  The  second  uses  a  two-lobe  ring.  Pump 
delivery  is  varied  by  positioning  the  porting  in  a  manner 
similar  to  the  FAV  nump. 

(a)  Concentric  Ring 

The  concentric  ring  pump  varies  the  displacement  of 
the  pump  by  varying  the  eccentricity  of  the  ring  and 
rotor.  When  the  ring  and  rotor  are  concentric,  there 
is  no  displacement.  When  the  ring  is  offset  from  the 
rotor,  volume  between  the  vanes  changes  creating  pump 
flow.  The  displacement  of  the  ring  is  controlled  by 
a  linear  actuator  and  a  pressure  sensitive  control 
valve  and  return  springs. 

(b)  Fixed  Displacement  Variable  (FDV) 

The  FDV  vane  pump  uses  the  conventional  two-lobe 
balanced  rotor  type  cam  ring.  (Figure  4)  The  delivery 
of  th*  pump  is  varied  in  much  the  same  manner  as  the 
FAV  pump.  The  pump  ring  is  rotated  in  relation  to  the 
porting  allowing  all  or  a  portion  of  the  fluid  to  be 
recirculated  in  the  pumping  cartridge. 

The  FDV  vane  pump  is  more  suited  to  high  pressure  and- 
high  speed  because  the  hydraulic  forces  on  the  rotor 
and  drive  shaft  are  balanced.  The  bearing  and  drive 
shaft  of  the  two-lobe  pump  are  ouch  smaller  than  the 
single  lobe  pump.  The  size  of  the  two-lobe  pump  is 
less  as  a  result  of  the  two-lobe  design. 

The  performance  data  shown  in  Table  I  was  obtained 
from  a  two-lobe  fixed  displacement  vane  puap. 
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FIGURE  3  -  INLINE  PUMP 
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4.  ORBITAL  PISTON  PUM? 


The  orbital  piston  pump  is  different  than  most  piston  pomps 
in  that  the  pistons  slide  in  a  rectangular  annulus  groove. 
(Figure  5)  In  the  proposed  design,  there  are  two  annulus 
track  plates  separated  by  a  single  drive  plate.  The  annulus 
groove  is  circular  and  the  pistons  are  about  twice  as  long 
as  they  are  wide.  The  annu'us  plates,  drive  plate,  pistons 
and  associated  parts  are  assembled  in  a  single  rotating 
group  package.  The  rotating  group  is  mounted  in  the  housing 
with  one  end  on  a  pivot  point  and  the  other  retained  between 
the  linear  actuator  and  return  springs. 

When  the  center  line  of  the  shaft  is  on  the  same  center  as 
the  annulus  plate  groove,  the  pistons  rotate  in  the  groove 
without  relative  motion  between  them.  As  the  annulus  plate 
is  displaced  to  one  side,  the  pistons  become  closer  together 
on  one  side  than  the  other.  This  difference  in  spacing 
creates  a  displacement  and  permits  the  pump  to  deliver  fluid 
to  the  system. 

Ihe  performance  of  the  unit  was  extrapolated  from  actual 
test  data  obtained  from  a  similar  unit  operating  at  lower 
rotational  speed  but  at  the  same  piston  velocity. 

5.  RADIAL  PISTON  PUMP 


Test  data  was  available  on  three  sizes  of  radial  piston  pumps, 
one  of  which  is  shown  in  Figure  6,  The  pump  uss  nine  pistons 
located  in  one  plane.  The  maximum  speeds  at  which  the  dat8 
was  taken  were  one-half  of  the  required  speed  equivalent  to 
18,000  rpra.  The  radial  pump  performance  was  lower  than  most 
of  the  other  pumps  analyzed.  Therefore,  it  was  not  considered 
necessary  to  attempt  to  refine  the  results. 


SUMMARY 


After  the  power  loss  chart  oi  Table  I  was  constructed,  it  was  reviewed 
to  see  which  pump  types  could  be  eliminated  from  further  consideration. 
As  a  result  of  this  review,  the  following  types  were  still  in  conten¬ 
tion: 

1.  Bent  Axis  (Yoke) 

2.  Bent  Axis  (FAV) 

3.  In-Line 

4.  Orbital 


A  table  of  additional  parameters  was  then  constructed  so  that  the  pumps 
could  be  compared  on  a  numerical  basis.  A  brief  explanation  of  the 
parameters  shown  in  Table  II  follows: 


SPRING  RETAINER 


PIVOT  PIN 


Vsl 


PISTON 


ROTOR 


PINTLE 


FIGURE  6  -  RADIAL  PISTON  PUMP 
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TABLE  II 


COMPARISON  OF  PUMP  PARAMETERS 


Design  Parameter 

FAV 

Yoke 

In-Line 

Orbital 

1.  Weight 

9 

3 

9 

9 

2.  Nunber  of  Parts 

and  Cost 

6 

3 

9 

9 

3.  Envelope 

6 

3 

9 

9 

4.  Wear  (Durability) 

3 

9 

6 

6 

5.  Performance 

3 

9 

6 

6 

6.  Pulsations 

1 

3 

3 

3 

7.  Control  Stability 

3 

3 

3 

3 

8.  Stroke  to  Bore 

Ratio  ^S^ 

3 

3 

I 

3 

9.  Displacement  to 

Stroke  Ratio  ^£1  j 

2 

2 

1 

2 

— 

— 

— 

— 

Total 

36 

38 

47 

50 

General  Rating 

4 

3 

e~ 

eZ 

1 
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Weight 

For  airborne  equipment,  low  unit  weight  is  desirable. 

2.  Number  of  Parts  and  Cost 

The  total  number  of  parts  bears  a  relationship  to  reliability. 
This  is  a  general  statement,  and  its  complete  validity  depends 
on  other  factors.  Cost  was  not  a  consideration,  but  there 
still  remains  some  correlation  between  number  of  parts  and 
total  cost.  The  desired  numbers  should  be  low  for  both  of 
these  items. 

3.  Envelope 

This  implies  both  small  envelope  and  the  ability  to  fit 
within  an  envelope. 

4.  Wear  (Durability) 

This  parameter  refers  to  the  probable  difficulties  in  reaching 
the  required  life.  Thus,  a  low  rating  implies  either  that 
the  life  requirements  will  be  hard  to  reach  or  there  are 
unknowns  which  keep  the  number  low. 

5.  Performance 

This  is  a  numerical  evaluation  of  Table  I. 

6.  Pulsations 

Pulsation  level  is  a  function  of  the  pump  and  the  system. 

The  pulsation  level  will  vary  from  full  flow  to  zero  flow. 
Taking  a  broad  view,  the  FAV  is  the  only  one  of  the  four 
pumps  whose  pistons  continue  to  have  a  relative  reciprocating 
motion  when  approaching  zero  flow.  Thus,  the  ratings  in  the 
Table  II  reflect  this  reasoning. 

7.  Control  Stability 

Control  stability,  as  in  the  case  of  pulsations,  is  a  function 
of  pump  dynamics  as  well  as  the  system.  The  oil  selection 
(bulk  modulus),  the  system  damping  and  the  system  leakage 
are  among  the  parameters  to  be  considered.  Control  stability 
has  been  achieved  in  all  of  the  pumps,  the  parameters  to  be 
adjusted  are  known,  and  the  difficulties  in  reaching  a 
satisfactory  solution  is  judged  to  be  about  equal.  Therefore, 
all  of  the  pumps  were  given  an  equal  rating. 

8.  Stroke  to  Bore  Ratio 


(See  Item  9) 
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SECTION  III 


DESIGN,  DESCRIPTION  AND  OPERATION  OF  ORBITAL  PUMP 


The  orbital  pump  design  resulting  from  the  study  phase  is  described 
below: 

DESCRIPTION  OF  UNIT 

The  high  speed  engine  pump  has  the  follovdng  characteristics : 


Theoretical  Displacement: 

.140  cu.  in/rev. 

Number  of  Pistons: 

Ten  (10)  . 

Direction  of  Rotation; 

Counterclockwise 

Rated  Outlet  Pressure; 

3000  PSI 

Rated  Shaft  Speed; 

15,000  RPM 

Design  Life: 

500  Hours 

Special  Feature; 

Variable  Delivery 

Overall  Dimensions; 

4)4"  x  4J£" 

Mounting  Flange: 

AND  10261 

Weight: 

6.2  Pounds  Dry 

DESCRIPTION  OF  OPERATION 


The  Orbital  Piston  Pump  derives 
its  name  from  a  set  of  curved  pistons 
with  a  rectangular  cross-section.  The 
pistons  "orbit”  in  a  circular  groove, 
or  annulus.  The  annulus  is  in  a  non¬ 
rotating  plate.  The  pump  contains  two 
annulus  plates  and  two  sets  of  pistons, 
one  on  each  side  of  a  rotating  drive 
plate. 


P 

PISTON  * 


Holes  in  the  pistons  accept  pins 
which  are  carried  in  slots  in  the  drive 
plate.  The  drive  plate,  located  between 
the  two  annulus  plates,  is  splined  and 
driven  by  the  drive  shaft. 


PIN 


PLATE 


FIGURE  7  -  ANNULUS  AND  DRIVE  PLATES 
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Pumping  motion  of  the  pistons  is  achieved  by  eccentrically 
locating  the  center  of  the  piston  annulus  groove  with  respect  to 
the  center  of  the  drive  plate.  This  geometric  relationship  pro¬ 
duces  a  variation  in  the  space  between  the  pistons  as  they  orbit 
through  one  revolution.  The  pumping  action  is  achieved  in  this 
way: 


As  the  pistons  rotate  from  a  position  nearest  to  the  drive 
plate  center  to  a  position  farthest  from  the  drive  plate 
center,  the  spacing  between  the  pistons  increases.  Rotation 
of  the  drive  plate  progressively  decreases  this  spacing  to 
its  minimum  again  as  the  pistons  move  back  to  a  position 
nearest  the  drive  plate  center  and  one  cycle  is  completed. 


FIGURE  8  -  DRIVE  PLATE  SUB-ASSEMBLY 


The  pump  inlet  or  suction  action  is  obtained  by  communi eating 
or  "valving"  the  section  of  the  annulus  associated  with  increasing 
piston  spacing  with  a  suitable  inlet  port.  That  portion  of  the 
annulus  associated  with  decreasing  piston  spacing  is  communicated 
with  a  suitable  discharge  port,  establishing  the  suction  and  pump¬ 
ing  action. 
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ANNULUS  PLATES 


The  annulus  plates  incorporate  teflon  seals  in  the  outlet 
port.  Discharge  pressure  acts  to  force  the  teflon  seal  lip 
against  the  face  of  the  valve  plate  and  acts  to  force  the  annulus 
plate  against  the  drive  plate. 

This  design  assures  positive  sealing  of  high  pressure  fluid 
in  the  discharge  port  of  the  annulus  plates.  The  thrust  forces 
in  the  annulus  plates  are  balanced  against  the  drive  plate,  elimi¬ 
nating  the  need  for  costly,  high-power-loss,  thrust  absorbing  de¬ 
vices. 


TEFLON  SEAL 


VALVE  PLATE 
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Automatic  pressure  regulation  is  accomplished  by  incorporating 
a  compensator  valve  and  stroke  actuator. 

The  valve  senses  variations 
in  outlet  pressure  and  reacts  to 
provide  hydraulic  fluid  to  the 
stroke  actuator  (thereby  reducing 
displacement)  or  to  allow  discharge 
of  fluid  from  the  stroke  actuator 
(thereby  increasing  displacement). 

The  compensator  valve  spool 
is  centered  when  the  pump  outlet 
pressure  is  at  the  pressure  setting 
equivalent  to  the  force  exerted  by 
the  compensator  spring.  When  the 
system  flow  demand  increases,  the 
outlet  pressure  reduces  allowing 
the  spring  force  to  shift  the  spool 
to  the  left.  This  connects  control  FIGURE  10  -  ACTUATOR  PISTON 
pressure  to  case  pressure,  thus  per¬ 
mitting  the  actuator  spring  to  shift 
the  annulus  plates  to  a  position  of 
maximum  pump  displacement. 


As  the  load  resistance  increases,  due  to  a  reduction  in  system 
flow  requirement,  the  outlet  pressure  exceeds  the  equivalent  com¬ 
pensator  spring  force,  the  valve  spool  shifts  to  the  right  of  the 
center  position,  allowing  outlet  pressure  to  act  on  the  stroke  actuator. 
When  sufficient  pressure  is  exerted  on  the  actuator  to  overcome  the 
force  of  the  actuator  spring,  the  annulus  plates  are  shifted  toward  the 
zero  displacement  position  (centers  of  drive  plate  and  annulus  plates 
approach  coincidence).  When  the  displacement  is  re Juced  sufficiently 
to  equalize  the  forces  on  the  valve  spool  (outlet  \:  ’essure  and  com¬ 
pensator  spring),  the  valve  spool  is  recentered  an'  hydraulically  locks 
the  stroke  actuator  to  prevent  further  displacement  change. 
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Variable  output  flow  is  provided  by  designing  the  annulus 
plates  so  that  their  centers  can  be  varied  with  respect  to  the 
drive  plate  center  asd  by  controlling  the  magnitude  of  this 
eccentricity.  This  general  arrangement  of.  the  pump  is  shown 
in  a  cross-section  view  below.  The  view  is  representative  of 
a  cross-section  of  the  pump  looking  from  the  drive  shaft  end. 
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SECTION  IV 

FABRICATION  PHASE 


A  test  pump  was  fabricated  and  prepared  for  test  Th0  k,  ^ 
view  of  the  pump  is  shown  in  Fioure  1?  The  w  e  assembled 

pump  are  shown  in  the  exploded  view  FiouS  l?  w  part*  ®f  the 
the  assembly  of  the  unit  with  the  mI*  igure  13*  Fl9ure  14  shows 
nations  used.  6  maj0r  parts  and  material  combi- 


Note^  oiTthis  drawings Decir”  ^h  annulus  plate  swb-assembly. 
Plate.  S!e  initial  J  Tv, *■  th*  pist0n  fit  in  the  annulus 
clearance.  The  individual  ni«t£1St°"!!  1S  Ilne  t0  linc  t0  *00015" 
set  and  not  interchangeable!  a"nulus  Plate  are  a  raatched 


Drawing  13878-K  shows 


the  rotating  group  sub-assembly. 


&iT<ker$<v  INCHES 


Figure  12  -  Assembled  Pump 
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SECTION  V 


EVALUATION  TEST  OF  ORBITAL  PISTON  PIMP 


The  tests  conducted  on  the  orbital  pump  consisted  of  the  following: 
break-in,  performance,  sampling  and  low  temperature  tests. 

The  type  of  tests  and  procedures  used  were  in  accordance  with 
MIL-P-25868.  The  test  procedures  and  equipment  used  were  as 
follows: 

Break-In 

The  break-in  was  run  on  a  15  horsepower  variable  speed 
electric  drive.  The  circuit  used  was  the  same  circuit 
used  for  the  performance  '.est.  A  schematic  of  the  circuit 
is  shown  in  Figure  15. 

Performance  Test 

The  performance  test  was  run  on  a  50  horsepower  variable 
speed  electric  drive.  A  schematic  of  the  circuit  used  is 
shown  in  Figure  15.  The  method  of  controlling  pump  dis¬ 
charge  pressure  was  changed  to  a  Vickers  relief  valve  as 
shown  in  the  schematic. 

Sampling  Test 

The  sampling  test  circuit  is  similar  to  the  performance 
circuit  except  a  cycling  circuit  was  added.  The  cycling 
circuit  consists  of  en  electrically  operated,  timer  con¬ 
trolled,  directional  valve  and  a  relief  valve.  The  relief 
valve  is  used  to  control  discharge  pressure.  (See  Figure  l6) 

Low  Temperature  Test 

The  low  temperature  start  tests  were  conducted  in  a  re¬ 
frigerated  test  chamber  that  maintained  an  ambient  tempera¬ 
ture  of  -65°F.  ±  5°F.  A  simplified  circuit  for  these  tests 
was  used.  It  included  a  Vickers  relief  valve  for  a  load 
valve  and  a  .95  cu.  in/'rev.  piston  type  meter  motor.  The 
circuit  is  shown  in  Figure  17.  The  drive  motor  for  the 
test  was  a  fixed  displacement  hydraulic  motor  driven  by  an 
auxiliary  power  supply.  All  pressure  readings  were  recorded 
on  8  six-ch8nnel  Sanborn  recorder.  Continuous  readings  were 
taken  for  all  cold  starts.  Acceleration  of  the  test  unit 
was  determined  by  the  input  flow  to  the  hydraulic  drive  motor. 
The  input  to  the  motor  was  controlled  by  a  manually  operated 
valve. 
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SUMMARY  OF  TESTING 


Break-In 


The  break-in  run  was  restricted  to  a  maximum  of  15,000  RPM, 
2800  PSI  and  8.6  GPM  because  of  test  stand  limitations. 
During  the  break-in,  the  pump  discharge  pressure  was  con¬ 
trolled  by  a  manual  load  valve.  4  preliminary  check  of 
pressure  pulsations  was  made  dur*n.j  the  break-in  run.  From 
1800  to  4000  RPM  the  pressure  pulsations  were  between  ±  50 
PSI  to  ±  75  PSI.  From  7400  RPM  to  12,000  RPM,  the  pressure 
pulsations  were  between  ±  50  PSI  to  ±  125  PSI. 

Perf ormance  Test 


The  performance  tests  were  run  at  full  delivery  (10.8  GPM), 
full  pressure  (2800  PSI),  and  at  rated  pump  speed  (18,000  RPM). 
The  fluid  inlet  temperature  was  maintained  at  137  ±  5°F.  The 
overall  efficiency  at  these  conditions  was  68%.  Tests  with  a 
second  set  of  annulus  plates  were  made.  The  unit  was  run  at 
18,000  RPM,  10.7  GPM,  3000  PSI  and  137^.  The  overall  effi¬ 
ciency  of  the  second  test  was  70.1%.  The  overall  efficiency 
was  lower  than  the  design  calculations  and  interpolation  of 
other  orbital  pump  test  data  indicated  it  should  be. 

Horsepower  Loss  Investigation 

In  an  effort  to  determine  the  cause  for  the  low  overall 
efficiency,  a  series  of  power  loss  tests  was  conducted. 

The  power  loss  tests  included  both  mechanical  and  hyd¬ 
raulic  power  losses.  See  Figure  18.  The  first  test 
consisted  of  running  a  pump  with  only  the  drive  shaft 
bearings  and  shaft  seal  assembled.  For  the  second  test, 
the  drive  plate  and  annulus  plates  were  added.  The 
pistons  and  piston  rollers  were  added  for  the  third 
test.  The  final  test  was  run  as  a  completely  assembled 
unit  at  both  minimum  flow  and  full  flow  at  minimum 
pressure  and  maximum  pressure. 

The  results  of  these  tests  showed  that  45%  of  the  power 
loss  was  caused  by  the  rollers  moving  in  the  drive  plate. 
25.6%  of  the  power  loss  was  caused  by  friction  between 
the  drive  plate  and  annulus  plates.  These  two  areas 
accounted  for  the  majority  of  the  power  loss. 

The  rotation  of  the  pistons  and  rollers  accounted  for 
15.4%.  The  drive  shaft  bearings  and  shaft  seal  accounted 
for  7.6%.  The  remaining  6.4%  wss  attributed  to  hydraulic 
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Horsepower  Loss  Investigation  (Continued) 

losses  and  other  miscellaneous  causes. 

The  highest  percentage  of  horsepower  loss  (45%)  was 
caused  by  the  relative  motion  between  the  piston 
rollers  and  the  drive  plate,  This  motion  is  inherent 
in  the  design  and  is  proportional  to  the  pump  stroke. 

At  minimum  flow,  the  movement  between  the  rollers  and 
drive  plate  is  small  and  the  horsepower  losses  are  low. 

As  the  displacement  is  increased  at  a  constant  pressure, 
the  losses  increase  proportionally  to  pump  stroke. 

The  rotation  of  the  drive  plate  against  the  annulus 
plates  accounts  for  approximate^  25.6%  of  the  tot3l 
horsepower  loss.  The  drive  plate  and  annulus  plates 
contact  only  at  the  seal  lands.  This  contact  cannot 
be  eliminated  but  the  load,  hydraulic  and  mechanical, 
can  be  minimized  to  reduce  the  friction.  Ihis  was 
accomplished  when  a  modification  of  the  unit  was  made. 
However,  further  development  work  in  this  area  is  neces¬ 
sary. 

An  investigation  of  non-rotating  parts  and  porting  con¬ 
figuration  was  conducted  to  determine  if  these  parts 
contributed  to  the  horsepower  loss.  The  tests  indicated 
they  had  no  significant  effect.  The  pump  housing  to 
drive-plate  clearance  was  increased  to  change  the  viscous 
friction  influence.  This  did  not  decrease  the  horsepower 
loss. 

Functional  Test 


The  unit  completed  the  functional  test  without  change  in 
flow  or  torque.  The  inlet  temperature  varied  from  130°F. 
to  220°F.  The  overall  efficiency  at  15,000  RPM,  2950  PSI 
was  71.2%. 

Calibration  Test 


The  calibration  of  the  unit  was  completed  for  25,  50,75, 
and  100%  of  rated  speed.  Readings  were  taken  at  100, 

75,  50,  25  and  0%  of  full  flow.  On  the  last  reading  of 
the  calibration  test,  at  110%  of  rated  speed  (19,800  RPM), 
the  unit  failed. 

The  cause  of  the  failure  was  piston  binding  in  the 
annulus  groove.  During  operation  at  high  speed,  small 
particles  of  silver  were  removed  from  the  annulus  grooves. 


35 


* - 'iFr 


* 


Calibration  Test  (Continued) 

Some  of  these  particles  became  partially  trapped  in 
cavitstion  pits  causing  a  tight  spot  on  the  annulus 
groove. 

The  impact  load  at  this  point  on  the  piston  rollers 
caused  the  rollers  to  crack.  Part  of  the  broken  roller 
in  one  slot  wedged  between  the  pin  8nd  the  drive  plate 
slot  end  breaking  the  drive  plate.  See  Figure  19. 

The  corrective  action  taken  was  to  increase  the  piston 
clearance  in  the  annulus  groove  to  .0002**.  The  sleeve 
clearance  was  increased  from  .0001/. 0002"  to  .0002/. 0003" - 
At  this  time,  the  pump  had  57  hours  of  operation;  16  of 
these  hours  were  at  18,000  RPM.  The  total  time  on  the 
pump  including  the  horsepower  loss  investigation  was  57 
hours. 

Rebuild  and  Break-In 


The  pump  was  rebuilt  and  the  test  resumed.  The  unit 
failed  during  break-in  while  operating  at  3000  RPM  and 
1200  PSI.  The  cause  of  failure  was  piston  seizure  in 
the  annulus  track. 

Rebuild  and  Break-In 

The  unit  was  rebuilt  with  piston  clearance  increased 
to  .0008"  to  eliminate  the  possibility  of  piston  seizure. 
After  completion  of  break-in  and  calibration,  the  piston 
clearances  had  increased  beyond  the  allowable  limits  due 
to  creeping  of  the  silver  plate  in  the  annulus  groove. 

An  investigation  was  started  to  determine  the  proper 
piston  clearance  to  eliminate  piston  seizure.  This 
was  correlated  with  acceptable  unit  volumetric  effici¬ 
ency.  The  creeping  of  the  thick  silver  plating  (.003" 
to  .005")  could  not  be  prevented  by  increased  piston 
clearance.  To  eliminate  the  plating  difficulty,  the 
following  three  changes  were  made: 

(1)  The  silver  plating  of  the  annulus  groove  was 
reduced  to  .0002 ”/ .0004”  thickness. 

(2)  The  timing  and  metering  of  the  ports  was  changed. 

(3)  The  hydraulic  balance  of  the  annulus  plates  was 
changed  to  reduce  wear  and  friction. 

The  unit  was  then  rebuilt  with  the  changes  as  recommended . 


36 


Rebuild  and  Break-In  (Continued) 


A  review  of  the  design  and  the  original  requirements 
resulted  in  a  change  of  specifications.  The  1000  hour 
endurance  life  was  changed  to  500  hours.  The  maximum 
speed  of  18,000  RPM  was  reduced  to  15,000  RPM  and  the 
flow  was  reduced  from  10.0  GPM  to  8.3  GPM. 

The  unit  completed  break-in  and  calibration  test  with¬ 
out  incident.  The  unit  was  calibrated  at  25,  50,  75, 
100  and  110%  of  rated  speea  (15,000  RPM).  The  overall 
efficiency  at  15,000  RPM,  2950  PSI  and  124°F,  Inlet 
temperature  was  71.2%. 

Proof  Pressure 


The  overall  efficiency  of  the  unit  before  proof  pressure 
test  was  71.6%  (at  2950  PSD.  The  unit  was  operated  for 
1.5  minutes  at  3500  PSI  and  15,000  RPM.  After  proof 
pressure  test,  the  overall  efficiency  was  71.5%  at  2950 
PSI.  The  overall  efficiency  was  72.3%  at  3500  PSI.  The 
voluir  ,ric  efficiency  was  94.7%  at  2950  PSI  before  and 
after  the  proof  pressure  test. 

Sampling  Test 

The  unit  was  cycled  31,588  times  to  complete  the-  sampling 
t<‘st.  The  total  test  time  for  tht  sampling  test  was  70 
hours.  The  patch  test  at  the  completion  of  the  sampling 
test  (See  Figure  20)  indicated  the  presence  of 
metal.  Examination  of  the  unit,  after  disassembly, 
showed  the  front  radial  bearing  had  worn  on  the  rollers 
and  races. 

This  bearing  had  been  contaminated  by  two  previous  unit 
failures.  In  addition,  the  bearing  was  inadvertently 
left  in  the  housing  during  the  rework  machining.  The 
failure  was  not  attributed  to  a  deficiency  in  design. 

The  bearing  was  replaced  and  testing  was  continued. 

Low  Temperature  Test 


After  soaking  20  hours  at  -75°F.,  the  pump  was  started 
and  brought  to  rated  speed  with  minimum  back  pressure. 

The  maximum  torque  during  acceleration  was  50-pound  inches 
Tho  test  was  repeated  twenty  (20)  times. 

Five  starts  were  made  with  the  load  valve  set  at  2800  PSI 
(full  flow).  The  unit  temperature  was  stabilized  at 
-60  *  5°F.  before  each  start.  The  unit  was  accelerated 
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Low  Temperature  Test  (Continued) 


to  rated  speed  and  operation  maintained  for  two  minutes. 
The  maximum  torque  recorded  was  120  pound-inches. 

Five  starts  were  made  with  the  load  valve  completely 
closed  (zero  flow).  The  unit  temperature  wac  stabilized 
at  -60  ±  5°F.  before  each  start.  The  unit  v.as  then  ac¬ 
celerated  to  rated  speed  and  operation  maintained  for 
two  minutes.  The  maximum  torque  recorded  was  83  pound- 
inches  . 

Calibration  After  Cold  Starts 

After  the  low  temperature  tests,  the  unit  was  cali¬ 
brated.  Overall  efficiency  at  15,000  RPM  and  2900 
PST  was  71.9%.  During  calibration,  the  unit  failed 
(total  running  time  since  beginning  189  hours).  The 
failure  was  caused  by  cracked  piston  rollers.  The 
rollers  were  iesipned  (See  comment  below). 

It  was  also  noted  during  disassembly  that  the 
Teflon  kidney  seals  were  fretting.  The  fretting 
was  caused  by  the  Teflon  cold  flowing  through  the 
.004"  rotating  group  to  housing  clearance. 

Modification  of  Unit 

The  unit  was  modified  incorporating  a  redesigned 
piston  roller.  After  two  hours  of  operation,  a 
malfunction  occurred.  The  redesigned  rollers  did 
not  contribute  to  the  failure.  The  rollers  were 
in  "as  new"  condition.  The  failure  was  caused  by 
silver  plate  wear  and  contaminants  in  the  annulus 
groove  reducing  the  piston  clearance.  The  reduced 
clearance  caused  the  piston  to  score  the  drive 
plate  and  resulted  in  the  unit  having  excessive 
internal  leakage. 

Examination  of  the  pistons  drive  plate  and  annulus 
plates  showed  damage  to  only  one  set  of  pistons  and 
one  annulus  plate.  The  drive  plate  on  the  side  next 
to  the  damaged  annulus  plate  showed  heavy  wear  from 
the  pistons.  This  indicated  an  unbalance  or  that 
contamination  shifted  the  piston  toward  the  annulus 
plate.  The  drive  plate,  piston  and  annulus  platd 
on  the  opposite  side  was  undamaged. 

The  clearance  between  the  piston  sleeve  and  drive 
plate  slot  were  within  print  limits  (See  Table  III). 

The  tests  were  stopped  at  this  time.  The  total 
accumulated  time  on  the  unit  was  196  hours. 


SUMMARY  OF  TEST  RESULTS 


1 .  The  development  tests  On  the  orbital  pump  have  proven 
that  the  pump  concept  has  the  potential  to  achieve  the 
500  hour  endurance  life. 

2.  Pump  problems  encountered  during  the  development  test 
indicate  further  investigation  is  necessary  on  the  pump 
rotating  group. 

3.  This  basic  design  using  a  cartridge  concept  provides  ease 

of  maintenance.  This  is  particularly  advantageous  for  field 
repair. 

4.  The  overall  efficiency  of  the  pump  is  not  as  high  as 
anticipated. 

5.  Pressure  pulsations  and  noise  level  of  the  pump  are 
excellent . 


The  following  is  a  tabulation  of  the  196  hours  of  pump  operation  and 
the  test  incidences  involved. 


TOTAL  HOURS 


TEST  DESCRIPTION 


57  After  completing  the  Break-In,  Performance, 

Horsepower  Loss,  Functional  and  Calibration  tests, 
a  piston  bound  in  the  annulus  groove  while  operating 
at  19,800  rpm. 


74  The  unit  was  rebuilt  with  increased  piston  clearance 

and  had  a  similar  failure  during  the  initial  Per¬ 
formance  Tests. 


189  The  unit  was  then  rebuilt  with  additional  piston 

clearance,  reduced  silver  plating  thickness  and 
changes  to  the  porting  and  hydraulic  balance.  The 
pump  then  completed  the  Break-In,  Performance, 
Proof  Pressure  and  Sampling  tests.  At  a  normal 
inspection,  the  front  radial  bearing  rollers  and 
races  were  found  to  have  some  wear.  The  bearing 
was  then  replaced  and  testing  continued. 


196  The  low  temperature  test  and  calibration  tests  were 

theH  completed.  It  was  then  found  that  the  unit  had 
cracked  piston  rollers.  Modified  rollers  were  incorp¬ 
orated  and  tests  continued  for  an  additional  2  hours. 
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TABLE  III 

?ISa«W  clearance  in  inches 

(After  Failure) 


DRIVE 

PLATE 

SLEEVE 

CLEARANCE 

(1)  .3500 

.3502 

.0002 

(2)  .3500 

.3502 

.0002 

(3)  .3500 

.3502 

AAAO 

SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

I.  The  design  investigation  showed  the  orbital  pump  design  incorporated 
the  best  features  for  a  high  speed  engine  driven  pump. 

II.  The  pumping  concept  was  proven  as  a  result  of  the  196  hours  of 
endurance  operation. 

III.  The  noise  level  of  the  orbital  pump  appears  to  be  lower  than  other 
type  pumps  when  operated  under  comparable  operating  conditions. 

IV,  Further  development  of  materials  and  machining  techniques  are  necessary 
for  extended  life. 

RECOMMENDATIONS : 

1.  As  a  result  of  these  investigations,  further  development  of  the 
orbital  pump  is  recommended  for  increased  reliability  and  performance. 
This  future  development  would  include  the  following: 

a.  Initiate  a  material  investigation  for  those  parts  that  require 
further  development. 

b.  Perform  evaluation  testing  of  the  recommended  material  and  con¬ 
figuration. 

c.  Endurance  test  of  final  configuration  selected  for  a  minimum  of 
500  hours. 

d.  Qualification  test. 

2.  The  present  pump  design  would  satisfy  requirements  for  limited  life 
aerospace  applications. 
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